Numerous scientific researches show that the activities connected with building materials produce significant negative environmental effects. Observed from the point of architecture, the use of building materials is found to be one of the critical factors of environmental pollution and degradation. The purpose of introducing architectural interventions, including proper selection, is the reduction of the negative environmental impact of building materials. The aim of this paper is to define, from the ecological aspect, basic principles for the selection of building materials. First, principles were defined through the allinclusive analysis of every phase in the life
INTRODUCTION 1
A study of the environmental impact of building materials is based upon the examination of their behaviour from the process of getting raw materials and concluding all operations until the final return to the natural environment in the form of waste. This series of processes represents "the life cycle of building materials". The basic phases in the life cycle of building materials are: 1. obtaining the raw materials; 2. production; 3. transport to the construction site; 4. installation; 5. use and maintenance; 6. decommissioning; 7. transport of the decommissioned materials; 8. disposal / reuse / recycling. Building materials with a single use have a "linear" or "open" life cycle which ends with the disposal of the material in the form of waste. Building materials that are used more than once have a "circled" or "closed" life cycle. (Jovanović-Popović et al., 2008) The environmental impact of building material depends on: the origin of raw materials, the method of production, the distance between the production and construction sites, the method of transport, the content and features and possibility of re -use / recycling. The rule of thumb is that building material has potential negative environmental impacts in every phase of its life cycle.
Adequate selection accounts as one of the basic architectural measures applied in the purpose of reduction of negative environmental impacts of building materials. (Kosanović, 2007) Additionally, proper selection of materials in the design stage will reduce negative environmental impacts in every phase of the life cycle of the whole building, in which the flows of mass and energy exist.
CRITERIA FOR THE SELECTION THROUGH THE PHASES OF LIFE CYCLE OF BUILDING MATERIALS
Proper selection of a certain building material requires the analysis of environmental impacts in every phase of the life cycle. Criteria for the selection of building materials throughout the phases of the life cycle are given in Table 1 .
Raw materials
Whenever raw materials are taken from nature, the resources are spent and therefore gradually exhausted. The use of narrow -spread (for example, some kinds of exotic wood), nonrenewable or slowly renewable resources is especially critical. Obtaining raw materials from earth (necessary, for example, for the The process of obtaining raw materials is often followed by air pollution, which causes new negative effects on the living world. The processes of obtaining raw materials demand the use of energy and therefore cause energy resources consummation and harmful gases generation. If a building material is produced from artificially derived raw materials (as is the case with, for example, PVC and other kinds of plastic, synthetic colours and some types of thermo isolative materials), then the negative environmental impact will be additionally increased, since obtaining these raw materials demands an industrial process which carries numerous negative environmental effects.
When analyzing the phase of raw materials, priority in selection should be given to the materials obtained from natural, quickly renewable, available and wide -spread resources, materials with recycled and without harmful content, materials which originate from raw materials obtained in ecologically safe processes, with the minimal use of energy, water and free natural land.
Production
In the process of production, which spends raw materials, the health of workers is especially put at risk. Production of building materials often comprises of an energy-intense series of actions (as, for example, is the production of metals or cement) which carries numerous significant environmental consequences. 5 % of the totally consumed energy in all human activities goes to the production of building materials. Generation of harmful by -products without usable value: solid waste, wasted liquids and gases in the production-phase contributes to the pollution of air, soil and water. This is obvious in examples of steel and PVC production. Certain production processes cause the occurrence of smog and acid rains. During the production of some building materials (for example, of steel), a large quantity of water is used, and after being used, the water becomes polluted. The pollution of air, water and soil caused by the production of building materials has significant negative effect on the living world.
Priority in selection will belong to materials produced by minimum possible quantities of energy and water, the materials at which the production process requires a minimal generation of harmful solid waste, liquids and gases and the materials which during production carry no risks to the workers' health.
Transport
During the transport of building materials from the production to the construction site or from the decommissioning to the site of disposal / re -use / recycling, the use of energy is essential; this causes oxygen consummation, air pollution and resources exhaustion. Air pollution then consequently contributes to global warming, the occurrence of smog and acid rain and to the reduction of natural light in the environment.
Priority in selection is given to locally available (produced) building materials transported in an energy efficient way.
Installation
The installation of building materials is followed by the generation of dust and other harmful particles which pollute air, soil (when get to the surface) and water (by rainfall draining). Workers' health, especially in cases of the installation of building materials with harmful content (as synthetic colours are), is exposed to risk. The process of installation is often responsible for the generation of noise. The installation of some building materials is followed by the use of water. Consumed water is transformed into waste; it goes into the soil or into water currents and pollutes them. Installation normally requires the use of energy, necessary for the work of machines and equipment, for lighting, heating or cooling the working environment etc. Large quantities of waste are generated during the installation of building materials due to the use of packed building materials, damaged materials, the production of materials on the site, the adoption of dimensions of materials etc. The highest percent of waste generated during the installation is disposed; only a small part of it is re -used or recycled for new building material.
Observed from the aspect of environmental impacts occurring during the phase of installation, priority in selection is given to materials which are installed with a minimal use of energy and water, materials that have no risks to the workers' health and the materials which can be installed with a minimal occurrence of noise, dust and waste. For the purpose of reducing the quantity of waste generated during installation, priority should be given to prefabricated materials (components), materials in which what is left over from installation may also be used or may be recycled, materials resistant to damage, materials of standard dimensions, as well as materials in which the wrapping material also has a usable value or the potential to be biologically recomposed, re-used or recycled.
Use and maintenance
Certain building materials during the phase of use and maintenance emit harmful radiation or substances which are toxic or even carcinogenic. Emitted chemicals, which may be detected in the air of interior space for a long period of time following the installation of a material, worsen the air quality and contribute to the "sick building syndrome". Potential negative effects during the phase of use frequently have artificial building materials.
Many of the hazards of these materials still haven't been sufficiently investigated or haven't been investigated at all. Some of the materials have such lasting harmful impacts that continued hazard doesn't stop even after disposal. Building materials which originate from earth (for example, ceramics, aggregates, stone, gypsum etc.) potentially contain radon, radioactive and carcinogenic gas without odour and colour, generated by uranium and radium decay in the earth. Building materials produced from industrial waste (concrete or artificial stone, for example), slag from the blast furnace and fly ash also may be radioactive. Mineral fibres, present in some building materials (in mineral and rock wool, for example), after inhalation potentially cause allergic reactions and may even have carcinogenic effect. Synthetic materials (plastic masses, for example) contain harmful organic compounds; after the release from the material into the air, these substances get into the organism of the users and potentially cause a variety of diseases. Synthetic materials derived from wood, colours and some kinds of thermo isolative materials may contain formaldehyde, colourless gas of an unpleasant odour with proved harmful effect on human health. Depending on the place of installation in the building and on the kind of installation, such installed building materials during the phase of use and maintenance potentially cause significant negative effects in the outdoor environment: a reduction of relative humidity in the building's surroundings, rapid rainfall draining, an increase of the temperature in the building's surroundings, and a creation of glare.
Priority in selection should be given to building materials without harmful content, materials which aren't radioactive, which do not produce glare and which are easy to maintain. Thermal performance is also an important selection criterion; selected materials should contribute to the energy efficiency of a building. (Jovanović-Popović et al., 2006) Decommissioning Decommissioning of building materials includes a series of activities conducted in order to eliminate a building in its existing form. Decommissioned building materials are either treated as waste or will be re -used / recycled. The intensity of negative environmental impacts generated during this phase is higher in the case of demolition than in the case of the building' renewal, since it concerns the total decommissioning of all previously installed building materials. Decommissioning consumes energy (electrical or in the form of liquid fuel) and water. It generates noise, solid waste, dust and other polluting particles that pollute air, water and soil.
Priority in selection is given to building materials that can be decommissioned in a simple way, using minimal quantities of energy and water, generate minimal quantities of waste, noise, dust and other particles and are without risks to the health of workers employed in decommissioning.
Disposal / re -use / recycling
Disposing of solid waste leads to free land occupation, soil pollution and to the degradation of the environment. Water and air are then polluted over the soil; finally, polluted elements of natural environment have negative impacts on plants, animals and on human health. If the life cycle of a certain building material ends by the material's re -use, then the negative impacts in the earlier phases: raw materials, production and disposal are totally cancelled. Additionally, if the source of reused material is local, then the negative environmental impact that would occur in the phase of transport is reduced to a minimum; if the source of re -used material is the construction site itself, then the potential negative impacts of transport are totally cancelled. Recycling cancels negative environmental impacts that would occur during the phases of raw materials obtaining and disposal and reduces partially negative environmental impacts that would occur in the phase of production of new building material.
Priority in selection is given to building materials that can be or are already re -used, to the materials that have the potential to be recycled or already are carrying recycled content, and finally to materials with the potential of biological degradation.
SELECTION BASED UPON THE VALUES OF EMBODIED ENERGY AND EMBODIED CO 2 OF BUILDING MATERIALS
After the determination of environmental impacts of building materials in each separate phase of the life cycle is completed, and from the reason of simplifying the procedures of comparison and selection, the next step of analysis is the determination of the total environmental impacts in the following categories: embodied energy and embodied CO 2 . The total environmental impact of a material in these categories represents the sum of impacts in these separate phases of the life cycle.
Embodied energy
The embodied energy of building material is defined as the sum of quantities of energy consumed in certain phases of its life cycle. It is the energy necessary for the obtainment,, production, transport, installation, maintenance, decommissioning and waste disposal of raw materials. In the value of embodied energy of building material, however, the quantity of energy requested for operation and maintenance of capital equipment and services in production may also be included. The calculated value of embodied energy is expressed in MJ or GJ through the mass unit (kg) or through surface (m 2 ) or volume unit (m 3 ) of the installed material.
The energy intensity of building materials may also be shown by the value of primary embodied energy. There are two variables whose sum gives the value of primary embodied energy. The first of the two represents the total quantity of energy necessary for the obtainment, production and installation of raw materials; it represents the stable value that is specific for each building material. The second variable is the energy required to transport a material from production to the installation site; the value of this variable is changeable -the value of spent energy increases with the growth of distance between the production and installation sites, which consequently leads to the increase of total value of primary embodied energy. Altogether, these factors lead to the conclusion that the value of the primary embodied energy of locally available building material will be lower than the value of embodied energy of the same material transported from a larger distance. Therefore, the priority in selection should be given to locally-produced building materials.
The value of primary embodied energy is higher with building materials whose production process is very intense, as well as with building materials derived from artificial raw materials. Priority in selection should be given to those building materials in which the consummation of energy in the phases of obtaining raw materials and especially in their production is brought down to minimum. The best choice, considered from these factors, are re-used building materials, since the first two phases of their life cycle are completely cancelled. Good choices are also recycled building materials -materials with recycled content so that the production process is reduced. A low value of energy required for production is characteristic of some natural building materials: wood, stone, aggregates and gypsum, for instance. On the other hand, the production process of some building materials, like cement, aluminium and steel, glass, ceramics etc. is very intense and demands high temperatures, which contributes to a negative increase of value of primary embodied energy.
When choosing building materials based on the criterion of embodied energy, attention should also be given to the thermal performance of a building in which selected materials are to be installed. It may occur, however, that increased use of materials (leading to an increase in total embodied energy), brings positive results in the reduction of the operative energy of the building. (Jovanović-Popović et al., 2007) Embodied CO 2
Embodied CO 2 represents the total sum of quantities of this gas (presented usually in tonnes), delivered into the atmosphere in the following phases: obtaining raw materials, production, transport and installation of building material. As a result, in these phases there exists a significant use of energy obtained from the combustion of fossil fuels.
Embodied CO 2 isn't directly proportional to the value of embodied energy of the same material: its value depends on the resource of the energy spent in processes, on the type of usable energy and on the energy's origin. (Jovanović-Popović et al., 2008) Processes which demand electrical energy give-off a higher emission of CO 2 , compared to processes supported by healthy energy. Processes in which energy is obtained from renewable energy and then used (in hydro plants, for example), give low emissions of such gasses. In Scandinavia, for instance, the highest percent of energy used for the production of aluminium comes from hydro plants; therefore, the value of embodied CO 2 of this material in the production phase is close to zero.
The importance of taking into account the value of embodied CO 2 in the selection of building materials is visible in the fact that this gas composes 80 -85 % of the total volume of gasses creating the greenhouse effect on Earth and that about 12 % of total CO 2 emission comes from various phases in the life cycle of building materials.
CONCLUSION
The negative environmental impact of building materials cannot be completely eliminated, but can be reduced in large scale by applying certain effective interventions. Effective selection accounts as one of the architectural measures applied in order to reduce the negative environmental impacts of building materials. These measures consists of a series of steps; each of them represent a particular aspect of selection and therefore should be considered separately, before determining the final complex decision about which building materials are to be used.
Priority in selection is given to: the building materials that do not damage human health (that do not have harmful content, do not produce harmful emissions and are not radioactive), the materials with a minimum quantity of generated waste within the phases of the life cycle, re-used and materials with the potential for re-use, recycled and new materials that may be recycled, natural materials obtained from (quickly) renewable, available and wide spread resources, materials with low values of embodied energy and embodied CO 2 , materials with the potential for biological decomposition, long -lasting materials. As the number of building materials distinguished by all these characteristics is very limited, priorities in selection need to be established, depending on each separate case and on other required characteristics of materials.
The absence of national legal regulation in the field of reduction of negative environmental impacts of building materials has as a consequence relied on the exclusively volunteer devotion and efforts of architects and other participants involved in the processes of the design and construction of buildings. It is the architect who has an assignment to point out to Investors all the advantages of the selection of ecologically correct options of, not only basic, but also of alternative building materials.
The introduction of legal regulation in the terms of: defining and application of relevant methods for the assessment of ecological quality of building materials, manufacturers' obligations about the availability of data on the methods and environmental effects of production and about issuing the certificates that would testify ecological accuracy, compulsory testing of building materials for the presence of radon, setting permitted values of embodied energy and embodied CO 2 in building materials, etc. is urgent. After the regulation of these areas is introduced and its implementation has begun, the process of reaching responible decisions about the selection of building materials will be simplified considerably.
